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GENERATION OF COHERENT SOFT X-RAYS USING A SINGLE-PASS

FREE-ELECTRON LASER AhIPLIFIER*

T. F. Wang. J. C. Goldstein, B. E. Newnam, and B. D. McVey

Los AlaiI]os National Laboratory, Los Akimos, Nhl 87545, USA

Abstract

\l”e cons. i{ler a sillgle-pa,sss free-elect roil laser [,FEL ) am[)litier. (Irivelt IJY all

rf-lillac followed I)ava dalllping ring for reduced en~ittance, for use in generat illg co-

Ilermlt light ill tile soft x-ray region. ‘1’he clcpellclenre of the optical gain on -Iect ron -

Iwanl qllality. st (Idied witl~ t I]e t Ilree.ciilllel]siollal FEL sill]~llat iotl cm]e FE1. EX, is

given and relate~ to the expected powm of self-amplified spcmtanemls emissiml. \f”e

disc~lss isslles for t tl~ dami)ing ril~g designed to achieve the reqllirml rlert rfn~ Iwam

{Iua]ity, ‘1’I)e idea of a multi l)sss regenerative aml~lifier is also presmted.

Introduction
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kind of gelie-at ion mstllod, illcllldillg SASE ant{ FEL l~ig!l-gaill al~]l~lificmti~>ll lJl)e-

nnlllena, Ilave hem~ previollsl.v st Il(liwt t hmret ically hy assllluinK zvo enlit t anw ill

tile elcctru,.) Ijealll ‘6’-’ 10]. Excrl)t [~)r a !ew stlldies that asslll~le rm-tal]glllar 11’

(,llle-ciil]lt~llsi,)ilfil t ll~nry ) or Lorellt ziall ‘~”. }01 ( t~vn-f]llll(,llslnllal tlltwry ) flistrl -

I)lit iui~s aIllolIg e]e(-t rolls. Illost reslllts tvert= fierivefl for all ~lectr(~ll-lwalll lvitllnllt

rllergy sl~read.

111 tile ]Jresfllt work, we lllake Ilse of at]alyt ical res~~lts all(i l~ull~erica! three -

dilnensional FIZL gain crdctllat ions to arrive at approximate reqtlirmnents cu~elect rot~-

Iwanl ctlrrent, enlit tance, and ●lergy-spread valum nAed to nl}t ai;l uscflll at~lollnts

of SASE radiatiol) in tile soft x-ray wavelength region. Tllcil, tl~e pnssihility nf :lsil~g

a damping rillu to achieve these rt=qllirenlents 01] l~ealn-qllalitv is discllsst’fl. ollr

conclilsiml is t Ilat, ill general. it nlsy be very difficlllt to design an elect roll {Iamping

ring t Ilat achieves t Ile I)ealu quality I)eede(l for t Ile gmerat ion of a .S Iilll ratliat iol~

t llrollgll SASE llsin~ convent imal nlaRnet ic Ill]dlllator tecllnolo~y.

Beam Quality Requirements for SASE at 4-0 nm

[n Ref. 7, we find thrat for the initial energy of a single electron lS’Oand the initial

is

(1)

wll~re P“ is tile gain factor, wm is the freqttency of lllaxill~ltln gain.

lwritl(l llll(illltilf~r,
,

~ Illlt’ilsll)llnl (“ii.sf’,

“ [$’’;J’’211 ‘\’24,’’’?2’2



wl]ere

~fb~~~.]?l , (4)

and
2( f/le! c)/\

‘v, = (5)
“’%(A/\//\) ‘

111t [m above eqllnt ions, i is the peak electron c~lrrent and A,\/,\ is t Ile fr~ct ional

fill] width at e-’ of the gain spectrum.

Ollr procmitm for determining the rc{lltired ●lectron-l)mm q[lality proceeds by

ll~llnericall~ Caldating the g~ill ~Aer and fractional linewiclt h (A,\/A ) = 2v’%

for a srna~l-amplittlde initird coherent optical field using the three-dimensional FEL

silnlllat ion code FELEX [13], “1’lle SASE I]ower is then evaluated by using F.rl, ( 3;

and tile a~sllll]ptiol] {]s = !JA, The emitt ante al~d energy spread of tile elect roll

lwam are lnodt.led ill F ELEK by proprqgat il~g in three diluensions a Inrgc nlttnlwr nf

sillllllatioll electrf)lls whose illit,ial positions al)(i vrlncit ies are cllosml tn St at ist ically

sample tllc lwail]’s initial pllase-sl)ace volun~e, FELE.X illcl~l(lm tllc Imtatrcm Inot ion

{If elect r(>lls aI~fl opt icd refract ion as well as diffract ion, TIIe Ruin spectrllm is

(Jl)t ail~mi fr(~l]l n series of Calclllatiolls for difTerellt waveltq]gt 11s,

III t 11PI)rr’setit work, wc aSSIIIIW that tile beam elect rnns have a (Jwlssian t rat~s-

vrrsr I)llnsse-sl)ace distril)llt i(ul ~i]d tll~ eltwt roll Ixanl is “llltit,cllt?(i”to ticurvwl -

l)IIlt=-f;M-e Illl(llli;ktf)r [I.1] with e{ltial ftx”lisillg itl tile t wo t rra;lsverse c!)ordillates, For

+Illll>lirit-y, wc nlso assllme nil i(lral Ill}fllllatfw ll~agnetir Iielfl it] wl]irll fit’1(1 r*rrrm

llii”9’~

I),, is

/),, 1 n,,, ,’(f ,,??)(”:l) , ((;)



SASE I)c,wer. Slllaller 1) valtles Ilot ~Jllly lower tile SJISE l)ower l)l~t also rf’flllire

lml~t=r Ilnrlllliltnrs ill ~vllicll ranfl(]ln lllamt~tic fiel{l errors nlrfy Iwcollle it]tlll~rnl)ly

large l.-)’: t lie allll)liiit’r’s p~rforl)ta[lce COIII(I I)e f(wt 11(’r(lvgradrd, ‘ru allow S.i SE (o

reach satllrali(lll, OIIe IIm+ all lil~cllllator with Y - /7–’ I>erinfls ( for a perfect e-lwattl

ill 1-1>1 ~;. T. “1’llis rwlllirwn~llt Iniqllt Iw :Cdllce(l if all initial il}pllt signal \vere

gener~t ml l): I]arnlollic elllissioil fronl a sim(llt anemwly operating lcflug wavele]lgt 11

l?EL osci]lat{~r If ’it 1~ typical ulldlllator IJaralllett=rs and elect roll t=llergy Iwtweell

several ll~~n(lred \leV and oIw GV7 Il~e peak current sl]ml!d I)e aho(lt 200 t~ and a

norr~aliz~xl e]l~ittal~ce aroul~d 4n ~ 10-4 cll~.rad for p to IN il] tile range of 5 “ 10-A

to 10-3!

Following previo~us work on the properties of an rf-linac-drivm X1.~V oscillator

~31, ~1], we fcmwed ~lpon a curved-pole-face uuciulatcx with the folluwil~g parameters:

wavelellgt 11 .\U, = 1,6 cm, Iwak m-axis nlagne~ ic field Bu, = 0.75 T, dinwnsimlless

vector pot ellt ial a,,, = 1.12, and coupling crest al]t G = 00895. lIetlce, we first

consider gelwratil~g radiatlol~ at 1 Ilm usitlg this undtllator aI~~l a]~ electron beam

with I = 2t.)0 A, T = 1804 (921,84 hleV), allcf cm = 3.97r x 10-4 cll],rad. \l*”itl]

1000 Ilfldlllator periods, we could not ol~tain any Ilseflll radiatim olltl)llt at 4 urn.

Ifowever, increasing tl~c numlm of periods to 1500 yielded the resl~lts shown in

Tal)le I ill wllicll tlw performance was calculated as a function of the full widtl~ at

r -1 (~f t lie ( (;atlssian ) energy spread A7/v.

J%’et lICII reduced t !Ie electron enmgy to 750 MeV, still retaining t l~e salne healll

ell~itt a~~ce al~d peak ctlrrelit. ‘f’he calculated SASE results for the undulitor wit!]

lUO() I>eriorls a]~d 1500 Iwriods are shown in Tal]le 11, where L,,, is tne u~]dll]ator

It’llut 110

For t 1, ~~I]ree sets of data presented in lai~hw 1 and [1. the dalnl)ing rillK ~lesign

woIIl(l lM st ra ilw(! to achieve even tile largest qlwted el~ergy s]]rrads, [f we suive tlIe

FE[J rmollallce mmditicm for ,\u,, keeping B,,, = 0.75 ‘r, .\ -=6 INTI,al~d I :- 1804,

WF’tiII{i that .\,,, T- ! .9~6 c:l] (a,,, = 1.39 aid C; -= 0.863). This increases llIe val~ie

!)! ,) t~~ 7.1 K 10 ~, a:ld we ol)taili t!le rtwlilts shi~wn ill Tal~lt* 111, wl]ert= tilt’ SaII~V

i)t’alll (’lllittallce ;lI1{I I)eqk (llrrellt as lwf{~rr wer~ IISV(I, aIId tile el}~~r~v sl~rea(l was

\“il I’it’(1,



T/l13LE II

S.4SE at 6 tli]l for p = 6.99 Y 10-4

x = 1000 periods (L,,, = 1600 CXII)

0

6.5 , 1(-)”-+

1 3 f lo-”]

N = 1500 periods (LU, = 2400 cm)

f)

(;.,-) ~ 10 4

1.3 * 10 ‘



TA13LE 111

SASE at 6 nm km p = 7.1 v 10-4

A>, ?

N= 1000 periods (LW = 1986.08 cm)

o

8.5 X 10-4

1,7 x 10-3

N = 1500 periods (LW = 2979.12 cm)

0

8.5 x 10-4

1.7 x 10-3

These resulto show that useful power

Peak Cain fs,4sF( watts)

4.84 x 104

8.45 X 103

3.76 X 102

4.28 x 10s

7.47 x 104

3.32 X 103

~.42 x 107 1.75 x ltJ8

1.34 x 106 1.21 x 107

7.39 x lo~ 6.65 X 104

levels (+ 50 - 150 kW) cm be oh-

t ained with a 1500-period undulator and an electron beam of 200-A peak currrnt,

3.9w x 10-4 cm.rad normalized emittance and a fractional ●ergy spread J’3y/Y

equal to or slightly larger than twice the value of p. However, these conditions,

including tlw long undulator, appear to he very difficult to achieve.

Dumping Ring Deoign Studies

Becaluw cxistiug Iinac technology for providing the high-qmdity beam required

I)Yan SASE amplifier at 4-6 nm is inadequate, we considered using R tlanll~il~g ring

itl c(~lljlmction with an rf Iillac. A damping ring is al)le i o rcd~lce Ille emit tnllre and

vl~ergy Sprcd of tile stored tx=mll witllo~lt reducing tlw peak current, llowvver, two

inn jor limit ntions nlllst be cwmmm~ to obtain a low enlittmlce, low mmgy-spreml

IMVUIIwith l]iRl] pmk c~lrrmt: first., thr inicrowmvc ind.-~]ility and wcmd, intrdwalu

wnttr.ill~,

\Ve IIRVC.“xnnlind n large rrmgc r~f pnmi! lr l~tticr {Iesigl]s for t.lm dmlpillg rillR,

iilrlllflillu FI)D( ) lattices frnnl 50 tf~ 70 Imuls and t ril)l~-l)~llfl-acllrolllmt Intl im \ I 6]

f;



from 8 to 12 periods. All these designs nave tlw property tll.at, to reach a very

snmll enli; t ante, they also llav~ small vidlies of IIIe mmnmt llm cnmpwt inn factor

n. Si]ecillc811y. tile lattices that can acllicve fn = -li’r x 10-4 clll.ra(l all ]]ave a Va]lle

,1 i; shows t Ilat tile

to the tl~mtieut of

TVit 11 t Ile req~iired

impedance of 1 f).

of n hetweel] 3 - 10-4 and 3 Y 10-s. The Iieil-Scllnell criterion - -‘“ ‘ . .

threslmld c(lrrellt for the lllicrowave instability is proportional

n dividefl I]y the ]Ongittl(liila]ill]pedance of tile Clanlpillg ring.

energy sl}read of 0 2’% R1lcI a realist icidly assumed longitudinal

the val~le of n Iwxls to IW al)ove 0.04 ill order to circulate 200-A peak currents in

the ril~g M reqtlired hy the FEL physics. TIIUS, the requirements of snmll emit tallce

and large cilrrent are diflictllt to achieve sinmltaneously.

\Ye Ilave also evaluated the effects of intrahenm scattering for particular ring

designs by using the computer code ZAP[ 18]. The emitt nnce growth rate clue to

int raheam scattering is proportional to the luminosity of the beanl. H;gll luminosity

beams need a short damping time and, hence, high damping rate to qllencll the

emit tnnce growth caused by the int rabeam scattering. For tile great Illlninosity

needed for soft x-ray SASI?, we find that tile ring’s damping t.ilne Ims to l~e about

1 ms or less to achieve the required small emittance. In principle, such a short

dwnping time can be achieved hm~incre~ing the amount of synchrotrons radiation

gcnmated per revollltion by using more bends and/or a higher henrling mngnetic

field. 1rnfort {Inately, this also increases the final energy spread of the electroll-beam

and degrades the S ASE gain.

N’e have found that the conventional FODO lattice or trilde-l>encl-achromat

lat t icr designs are unable to meet the stringent beam qlwdit y requirements of SASE.

This conclusion was also the consensus at a recent workshop on low eillittance I)eams

~19]. It apprars very difficult, if not ilnpossilde, to find a damping ring design t.l]at

produces t IIFreq~tired high-qtmlity electron-beam. We are continuing these Studies

hy hx]king at otlwr possible lattice designs that may circumv~nt thes~ prol+nls

ileallwllilc, we are evaluating the possibility of a multipasa mllplifier Ihnt IIIay Ilave

Irss st ringmt requirements on tile I>calll qllalit y.

Multipusa Sofl X-Ray Regenerative Amplifier

TIIr Inck ~f nlirrors with r~trord-lectmlcp greater than 50’% ( 1$0” redirect ion of

tIleIwtuli) for wave+ngt h 10 IliIl is one of t Iw Inajor reasons for Aamiollillg tlIe

liLW’r (wrillnt(w Iqq]roachm

l~tlll)lilirr ill Ilw w)ft x-rnv

lli~ll-gikill SASE

in I)rfdllcillg mI

1



elect roll beam with both low enlit tante and sufficiently high repetit ion rate. The

use of an rlwtron danlpillg ring to r~clllce tile nnrmalimd ●mittnnre nf Iligll-rllrrent

lJf?al~ls pro~lkced l)y all rf-lillac froln =Z.’?Jrr* 10-4 clll. rad to less than 10n . 10-4

Cnl.ra[] is Iilllited to p:lse repetition rates of ~100 112 I)y the danll}ing tillw of the

ring. In t Ilis case. even with adeqllate mirrors, a ker oscillator would rcqllire an

unrealistically long spacing bet ween resonator lnirrors to nlatch the low repet it ion

rate. However. t Ilere is an intermt.diate mode of operation wherein the rlalllping

ring could produce bursts of two or tImw electron bunches at a time for use in

a mllltipass amldificr ( MPA ). The at~.ractivc features of such an MPA would be

higher o~ltput power and/or reduced undulator length to achieve the desired gain.

One may also ●xpect that the severe requirements on electron beams will be relaxed

sonlewhat in an MPA so that the damping ring &sign can he eased.

The h~ic requirement for the “resonator” mirrors for a succ~sful MPA would

IMthat they return to the undulator entrance a large enollgh fraction of the radiation

from the first electroll bunch to obtain a substantial increase in out p~it power from

the second and, possibly, tbird electron hunches. Even with mirrors with retro-

reflectance as low as 107o, the MPA would generate large increaaes in power over

the single-pass device. For a large fraction of the spectral r~nge from 1 to 10 nrn,

there appears to he a few mirror configurate ions that would provide this reflectance

[20]. AU example is a carbon mirror in a multifaceted configuration proposed by

Newnanl [S], The output coupling of the radiation wmlld he by a hole in one nlirror

or alter natively hy use of a low-efficiency grating. The diameter of the hole calpler

would be designed so that the fraction of radiation transmitted would be very small

until stimulated emission caused the substautiai spatial narrowing of the beam.

Conclusions

\Ve have determined the required beam q~mlit.y needed for SASE generat ion of 4

-6 l;m coherent radiation with a conventional constant-period unclulator 1000-1.500

Iwriods long: I = 200 A, fm = 3.9m x 10-4 clll. rad, and A~/y <2 x 10-3. \VPIlave

not yet found a suitable damping ring design tIlat meets thesc requirrlllellts, \Ve

are exalllilling new designs to overcome the limitations caused by the microwave

imtal)ility and intrabeam scattering. We are also looking into possible Ilwthods

to Illake a tw-o-pass m t,llree-pass amplifier. This might s~lbstantially 100sew the

reqllirenwmts cm the electron lwam qlmlity or ~lndulator length,

R
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